INTRODUCTION
============

One of the characteristic features of skin inflammation is the infiltration of various immune cells including monocytes into the inflamed skin area [@B001]. Dysregulation of adhesion molecules and cytokines/chemokines increases the infiltration of immune cells into the site of inflammation in the skin [@B002],[@B003]. Upon stimulation with inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α) and interferon-*γ*, keratinocytes can express adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1), and various cytokines/chemokines [@B002],[@B004].

Major intracellular signaling regulators mediating pro-inflammatory responses include mitogen-activated protein kinase (MAPK) signaling pathways. The MAPK activation plays important roles in the signaling cascades leading to the expression of various pro-inflammatory mediators during the inflammation process [@B005]. Upon stimulation with TNF-α, MAPKs such as extracellular signal-regulated kinase (ERK), p38 and c-Jun NH~2~-terminal kinase (JNK), are activated in the phosphorylated forms, mediating the signaling cascades leading to activation of various transcription factors including nuclear factor-kappa B (NF-κB) in keratinocytes [@B006]. NF-κB is a principal transcription factor involved in the regulation of pro-inflammatory gene expression [@B007]. In unstimulated cells, inhibitor of kappa B alpha (IκBα) sequestrates NF-κB in the cytosol. Upon stimulation with cytokines such as TNF-α, IκBα is phosphorylated, and subsequently ubiquitinated, leading to its proteasomal degradation [@B008]. Dissociated NF-κB from IκBα translocates to the nucleus, where it activates the transcription of pro-inflammatory genes.

Butein (3, 4, 2\', 4\'-tetrahydroxychalcone; [Fig. 1](#F001){ref-type="fig"}A), a polyphenolic compound, is present in medicinal plants including *Semecarpus anacardium* and *Rhus verniciflua* [@B009]. Butein has been shown to exert various biological activities, such as antioxidant, anti-inflammatory, and anti-tumor activities [@B010],[@B011],[@B012]. Butein inhibited lipopolysaccharide-induced expression of inducible nitric oxide synthase, by blocking activation of NF-κB and ERK MAPK in RAW 264.7 cells [@B011]. Butein was shown to down-regulate phorbol 12-myristate 13-acetate-induced cyclooxygenase-2 expression, by suppressing ERK activation, in both cancerous and non-cancerous breast cells [@B013]. Butein also suppressed TNF-α-mediated ICAM-1 and VCAM-1 expression and monocyte adhesion via blocking NF-κB, MAPK and Akt signaling pathways in human lung epithelial A549 cells [@B014]. However, very little is known about the protective effects of butein and its mechanism of action in keratinocytes.

![Effect of butein on TNF-α-induced expression of ICAM-1 and monocyte adhesion in HaCaT cells. (A) Chemical structure of butein. (B) HaCaT cells were incubated with various concentrations of butein for 24, and then cell viability was evaluated by MTT assay. The results are expressed as mean ±SD of three independent experiments. Statistical significance: \*\*\*P \< 0.001 compared to control group. (C) Cells pretreated with 2, 5 and 10 μM butein for 4 h were exposed to 10 ng/ml TNF-α for 1 h (for RNA), or 12 h (for protein). Total RNA and protein were analyzed by RTPCR (upper panel), and Western blotting (bottom panel), respectively. (D) HaCaT cells were incubated with 2, 5 and 10 μM butein for 4 h, and then exposed to 10 ng/ml TNF-α for 12 h. Calcein-AM-labeled THP-1 monocytes were added, and incubated with HaCaT cells for 1 h. Microscopic images were obtained using a fluorescence microscopy (scale bar=50 μm). (E) Calcein-AM fluorescent intensity was quantified using a fluorescence plate reader. The results are expressed as mean ± SD of three independent experiments. Statistical significance: \*\*P \< 0.01 compared to TNF-α alone.](BMB-48-495-g001){#F001}

In this study, we investigated the anti-inflammatory effects of butein on TNF-α-stimulated HaCaT cells. We observed that butein inhibited TNF-α-induced ICAM-1 expression, as well as the subsequent monocyte adhesiveness in HaCaT cells. Butein also suppressed TNF-α-induced pro-inflammatory cytokines, such as interleukin 6 (IL-6), IFN-*γ*-induced protein 10 (IP-10), monocyte chemoattractant protein 1 (MCP-1). Butein decreased TNF-α-induced ROS generation in HaCaT cells. In addition, butein significantly inhibited TNF-α-induced activation of MAPK and NF-κB in HaCaT cells.

RESULTS
=======

Butein inhibits ICAM-1 expression and subsequent monocyte adhesiveness in TNF-α-stimulated HaCaT cells
------------------------------------------------------------------------------------------------------

To ensure that the anti-inflammatory effect of butein is not due to cell death, we first evaluated the cytotoxicity of butein ([Fig. 1](#F001){ref-type="fig"}A) on HaCaT cells using an MTT assay. Because butein did not show any cytotoxic effects at concentrations up to 15 μM, we used butein in the subsequent experiments at the concentration of 0-10 μM ([Fig. 1](#F001){ref-type="fig"}B). To examine the suppressive effects of butein on ICAM-1 expression, cells were pretreated with various concentrations of butein for 4 h, and exposed to TNF-α for 1 h, and then the mRNA and protein levels of ICAM-1 were measured by RT-PCR and Western blot analysis, respectively. As shown in [Fig. 1](#F001){ref-type="fig"}C, butein significantly suppressed TNF-α-induced ICAM-1 expression at the mRNA and protein levels in HaCaT cells. Because the previous study has reported that up-regulation of ICAM-1 is involved in increased monocyte adhesiveness in the human keratinocytes (15), we next examined the inhibitory effect of butein on TNF-α-induced monocyte adhesion to HaCaT cells. As shown in [Fig. 1](#F001){ref-type="fig"}D and E, butein significantly inhibited monocyte adhesiveness in TNF-α-stimulated HaCaT cells.

Butein inhibits the production of pro-inflammatory cytokines in TNF-α-stimulated HaCaT cells
--------------------------------------------------------------------------------------------

Since the up-regulation of pro-inflammatory cytokines/chemokines contributes to the development of skin inflammation [@B002],[@B003], we further examined the effect of butein on the production of IL-6, IP-10 and MCP-1 in TNF-α-stimulated HaCaT cells. Cells pretreated with butein for 4 h were exposed to TNF-α. We analyzed the levels of cytokines/chemokines protein and mRNA by ELISA and RT-PCR, respectively. Butein significantly decreased TNF-α-induced expression of IL-6, IP-10 and MCP-1 protein ([Fig. 2](#F002){ref-type="fig"}A) and mRNA ([Fig. 2](#F002){ref-type="fig"}B), in a dose-dependent manner.

![Inhibitory effects of butein on TNF-α-induced expression of IL-6, IP-10 and MCP-1 in HaCaT cells. HaCaT cells were pretreated with 2, 5 and 10 μM butein for 4 h, and then exposed to 10 ng/ml TNF-α for 24 h (for protein), or 6 h (for mRNA). (A) The levels of IL-6, IP-10 and MCP-1 in the culture medium were determined by ELISA. The results are expressed as mean ±SD of three independent experiments. Statistical significance: \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001 compared to TNF-α alone. (B) Total RNA was prepared from cells, and analyzed for mRNA expression of IL-6, IP-10, MCP-1, and β-actin by RT-PCR, using specific primers.](BMB-48-495-g002){#F002}

Butein inhibits TNF-α-induced ROS generation in HaCaT cells
-----------------------------------------------------------

Exposure of the keratinocytes to a variety of stimuli, such as cytokines and TPA, leads to the excessive generation of reactive oxygen species (ROS) [@B004] We further examined the effect of butein on TNF-α-induced ROS generation. Cells were pretreated with butein, exposed to TNF-α for 1 h and then the levels of ROS in cells were determined, using DCF-DA as a probe. As shown in [Fig. 3](#F003){ref-type="fig"}A, butein significantly inhibited TNF\--α-induced ROS production in HaCaT cells.

![Inhibitory effect of butein on TNF-α-induced ROS generation and MAPK activation in HaCaT cells. (A) HaCaT cells were pretreated with 2, 5 and 10 μM butein for 4 h, and then exposed to 10 ng/ml TNF-α for 15 min. Intracellular ROS levels were assessed by staining with DCF-DA using an ELISA plate reader. The results are expressed as mean ±SD of three independent experiments. Statistical significance: \*\*P \< 0.01 and \*\*\*P \< 0.001 compared to TNF-α alone. (B) Cells were pretreated with 2, 5 and 10 μM butein for 4 h, and then exposed to 10 ng/ml TNF-α for 15 min. Cells extracts were prepared, and analyzed for MAPK activation by Western blot analysis, using specific antibodies. (C) Relative protein levels in the (B) panel were quantified by scanning densitometry, and normalized to control protein levels. The results are expressed as mean ±SD of three independent experiments. Statistical significance: \*\*P \< 0.01 compared to TNF-α alone.](BMB-48-495-g003){#F003}

Butein inhibits TNF-α-induced MAPK activation in HaCaT cells
------------------------------------------------------------

Previous studies have reported that the activation of MAPKs, such as JNK, ERK and p38 MAPK, is involved in TNF-α-induced NF-κB activation, and subsequent expression of pro-inflammatory mediators in the keratinocytes [@B006]. We further examined the effect of butein on TNF-α-induced phosphorylation of MAPKs, by Western blot analysis using phosphor-specific antibodies. As shown in [Fig. 3](#F003){ref-type="fig"}B and C, butein inhibited TNF-α-induced phosphorylation of ERK and JNK in a dose-dependent manner, whereas it has minimal effect on p38 MAPK. These results suggest that butein inhibits TNF-α-induced expression of pro-inflammatory mediators, by decreasing the phosphorylation levels of ERK and JNK MAPKs in HaCaT cells.

Butein inhibits TNF-α-induced NF-κB activation in HaCaT cells
-------------------------------------------------------------

NF-κB is the principal regulator involved in the gene expression of various proinflammatory mediators, and is activated upon stimulation with cytokines, including TNF-α [@B006],[@B008]. We next investigated the effect of butein on the signaling cascades leading to NF-κB activation in TNF-α-stimulated HaCaT cells. We first examined the effect of butein on IKKα/β activation in TNF-α-stimulated HaCaT cells. As shown in [Fig. 4](#F004){ref-type="fig"}A, butein efficiently inhibited TNF-α-induced IKKα/β phosphorylation. In addition, butein suppressed TNF-α-induced IκBα degradation, and phosphorylation/nuclear translocation of NF-κB p65, in a dose-dependent manner ([Fig. 4](#F004){ref-type="fig"}B). Furthermore, butein significantly decreased NF-κB DNA binding activity in TNF-α-stimulated HaCaT cells, as judged by EMSA ([Fig. 4](#F004){ref-type="fig"}C). These results suggest that butein inhibits TNF-α-induced expression of pro-inflammatory mediators, through inhibition of NF-κB activation.

![Inhibitory effect of butein on NF-κB signaling pathways in TNF-α-stimulated HaCaT cells. Cells were pretreated with butein for 4 h, and then exposed to 10 ng/ml TNF-α for 15 min. (A) Whole cell lysates were prepared and analyzed for IKKα/β activation by Western blotting, using phospho-specific antibodies. (B) Cytoplasmic or nuclear extracts prepared from cells stimulated with TNF-α were analyzed by Western blot analysis, for the levels of signaling molecules leading to NF-κB activation. (C) DNA-binding activity of NF-κB in the nuclear extracts of the cells was measured by EMSA. Intensity of each band was quantified by scanning densitometry and presented as the bar graphs in the bottom panel. The results are expressed as mean ±SD of three independent experiments. Statistical significance: \*P \< 0.05 and \*\*P \< 0.01 compared to TNF-α alone.](BMB-48-495-g004){#F004}

DISCUSSION
==========

Dysregulated inflammatory responses lead to various pathological conditions, such as inflammatory diseases. Up-regulation of pro-inflammatory mediators in the inflamed skin area plays an important role during the inflammation process. Therefore, down-regulation of pro-inflammatory mediators in the area of the inflamed skin presents an important strategy to modulate various inflammatory skin diseases [@B016]. In this study, we demonstrate that butein can exert anti-inflammatory effects in keratinocytes.

ICAM-1 belongs to a class of cell adhesion molecules involved in the infiltration of leukocytes into the skin, which represents one of the early steps during the inflammatory immune response [@B017]. Keratinocytes express ICAM-1 molecules at a low basal level; but upon stimulation, ICAM-1 expression is increased. Along with adhesion molecules, pro-inflammatory cytokines/chemokines, such as IL-6, IP-10 and MCP-1, play important roles in leukocyte infiltration, during immune responses [@B001],[@B017]. Stimulation with TNF-α increased mRNA and protein levels of ICAM-1 in HaCaT cells. However, treatment with butein suppressed TNF-α-induced ICAM-1 expression, and subsequent monocyte adhesion to HaCaT cells ([Fig. 1](#F001){ref-type="fig"}). Similar to the results of ICAM-1 expression, butein significantly inhibited production of IL-6, IP-10 and MCP-1, in TNF-α-stimulated HaCaT cells ([Fig. 2](#F002){ref-type="fig"}).

Growing evidence suggested that ROS generation is involved in the pathogenesis of various inflammatory diseases [@B018]. Stimulation with TNF-α can increase ROS generation directly and indirectly in the keratinocytes [@B007],[@B019]. Therefore, antioxidant enzymes have been considered to be potential therapeutic agents for ROS-mediated inflammatory skin diseases. In supporting this notion, we previously demonstrated that a cell permeable superoxide dismutase exerted protective effects, in a skin inflammation model [@B004]. Previous studies demonstrated that butein has an antioxidant activity [@B010]. As shown in [Fig. 3](#F003){ref-type="fig"}A, butein efficiently decreased TNF-α-induced ROS generation in HaCaT cells. It was reported that ROS influences various cellular signaling pathways, such as MAPK and NF-κB activation, leading to expression of pro-inflammatory mediators [@B014],[@B018].

Growing evidence suggested that one or more MAPK signaling pathways mediated expression of pro-inflammatory mediators in skin inflammation [@B022]. Consistent with previous results [@B006], TNF-α induced all three MAPKs in HaCaT cells. We previously reported that activation of ERK and p38, but not JNK, are partially involved in TNF-α-induced ICAM-1 in HaCaT cells [@B006], suggesting the functional relationship between MAPK activation and ICAM-1 expression. As shown in [Fig. 3](#F003){ref-type="fig"}B, butein significantly abolished TNF-α-induced activation of ERK and JNK, but not p38 MAPK. Taken together, these results indicate that butein inhibits TNF-α-induced expression of ICAM-1 and pro-inflammatory mediators, by suppressing ERK and JNK activation in HaCaT cells.

NF-κB is one of the major transcriptional factors that mediate expression of pro-inflammatory mediators during inflammatory immune responses [@B008]. Upon stimulation with pro-inflammatory stimuli, activated IKK complex phosphorylates IκBα, which is then rapidly ubiquitinated, and subsequently degraded by proteasome. The free NF-κB dissociated from IκBα translocates into the nucleus, where it induces the expression of pro-inflammatory mediators. It was recently reported that butein inhibited TNF-α-induced NF-κB signaling pathways, via the direct inhibition of IKK [@B012]. We performed experiments to assess the regulatory effects of butein on the signaling pathways leading to activation of NF-κB in HaCaT cells ([Fig. 4](#F004){ref-type="fig"}). We observed that butein inhibited TNF-α-induced IKK phosphorylation, IκBα degradation, and translocation of p65 into the nucleus. Butein also suppressed p65 DNA-binding activity in TNF-α-stimulated HaCaT cells. These results indicate that butein exerts anti-inflammatory activities, by regulating the signaling cascades leading to activation of NF-κB.

In summary, our in vitro studies provide evidences that butein exerts its anti-inflammatory activity by down-regulation of pro-inflammatory mediators, via inhibition of ROS-MAPK-NF-κB signaling pathways in HaCaT cells. Our results suggest that butein may be used as a therapeutic compound against various inflammatory skin diseases.

MATERIALS AND METHODS
=====================

Cell culture and reagents
-------------------------

The immortalized human keratinocyte cell line, HaCaT, was maintained in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin G, 100 μg/ml streptomycin) at 37 ℃. Human THP-1 monocytic cells were maintained in RPMI 1640 medium, supplemented with 2 mM L-glutamine and 10% FBS. Butein, dichlorofluorescin diacetate (DCF-DA) and 3-\[4, 5-dimethylthiazol-2-yl\]-2, 5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO, USA). Calcein acetoxymethyl ester (calcein-AM) was purchased from Molecular Probe (Eugene, OR, USA). Primary antibodies against ICAM-1, lamin B, and β-actin (Santa Cruz, CA, USA) and IκBα, phospho-ERK, ERK, phospho-p38, p38, phospho-JNK, and JNK (Cell Signaling Technology, Beverly, MA, USA) were obtained commercially. Oligonucleotide primers were purchased from Bioneer (Seoul, Korea). Butein was dissolved in dimethyl sulfoxide (DMSO) at 50 mM, and stored at −20 ℃

Cell viability assay
--------------------

Cell viability was evaluated by MTT colorimetric assay [@B021]. Briefly, HaCaT cells (1×10^6^ cells/well) were seeded into each well of 6-well plates, and incubated with various concentrations of butein for 24 h in complete media, and then 1 mL of 1 mg/mL MTT reagent was added into each well for 2 h at 37 ℃. After removal of the MTT solution, 0.5 mL of DMSO was added to solubilize the blue formazan crystals. The absorbance was measured at 540 nm with a microplate reader (Labsystems Multiskan MCC/340, Pittsburg, PA, USA).

Measurement of intracellular ROS
--------------------------------

ROS generation in the cells was assessed using the ROS sensitive dye DCF-DA [@B022]. HaCaT cells were pretreated with butein for 4 h, and then exposed to 10 ng/ml TNF-α for 15 min. After washing with phosphate buffered saline twice, cells were incubated with 10 μM DCF-DA for 30 min. The fluorescence intensity was determined at 485 nm excitation and 538 nm emission wavelengths, using a Fluoroskan ELISA plate reader (Labsystems Oy, Helsinki, Finland).

Western blot analysis
---------------------

Equal amounts of protein (20-30 μg) were separated by electrophoresis on 10% sodium dodecyl sulphate (SDS)-polyacrylamide gels. The proteins were transferred to nitrocellulose membranes. The membranes were probed with primary antibodies (1:1000 dilution), followed by horseradish peroxidase-conjugated secondary antibodies. The bound antibodies on the membranes were visualized by a chemiluminescence system (Millipore Corporation, Billerica, MA. USA) [@B006].

RT-PCR analysis
---------------

Total RNA was isolated from HaCaT cells or ear tissues of mice using a Trizol reagent kit (Invirogen, Gaithersburg, MD, USA), according to the manufacturer's instructions. RNA concentrations were determined by measuring absorption at 260 nm in a spectrophotometer. cDNA was synthesized from 2 μg of total RNA, using 10,000 U of reverse transcriptase, and 0.5 μg/μl oligo-(dT)15 primer (Promega, Madison, WI, USA) [@B021]. cDNA was amplified by polymerase chain reaction (PCR), using the following sense and antisense primers (5\'→3\'): human ICAM-1 sense, CAC CCT AGA GCC AAG GTG AC; human ICAM-1 antisense, CAT TGG AGT CTG CTG GGA AT; human IP-10 sense, GAA CCT CCA GTC TCA GCA CC; human IP-10 antisense, GCT CCC CTC TGG TTT TAA GGA GAT; human MCP-1 sense, AGT CTC TGC CGC CCT TCT GTG; human MCP-1 antisense, TGC TGC TGG TGA TTC TTC TAT; human IL-6 sense, AGA GTA GTG AGG AAC AAG CC; human IL-6 antisense, TAC ATT TGC CGA AGA GCC CT; human β-actin sense, GCG GGA AAT CGT GCG TGA CAT T; human β-actin antisense, GAT GGA GTT GAA GGT AGT TTC GTG. PCR products were separated on a 1% agarose gel, and visualized with UV light, after staining with ethidium bromide.

Cell adhesion assay
-------------------

To analyze the adhesiveness of THP-1 cells to HaCaT cells, we performed a cell-cell adhesion assay, as described elsewhere [@B023]. Briefly, HaCaT cells (7.0×104) were seeded in a 12-well plate. After 12 h incubation, HaCaT cell were pre-treated with butein at the indicated concentrations for 4 h, and then exposed to 10 ng/ml TNF-α for 12 h. Calcein-AM labeled THP-1 (7.0×105) cells were co-cultured with HaCaT cells for 1 h. After washing co-cultured cells with PBS, the fluorescence images were obtained at 485 nm excitation and 538 nm emission wavelengths, using a SPOT II digital camera-attached fluorescence microscope (Diagnostic instrument, Livingston, UK). The fluorescence intensities were quantitated, using a Fluoroskan ELISA plate reader (Labsystems Oy, Helsinki, Finland), at 485 nm excitation and 538 nm emission.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

To analyze the production of IL-6, IP-10 and MCP-1 in TNF-α-stimulated HaCaT cells, cells were pretreated with butein for 4 h, and then stimulated with 10 ng/ml TNF-α for 24 h. The supernatants from cell culture media were analyzed for the levels of cytokines or chemokines, using ELISA kits (R & D Systems, Minneapolis, MN), according to the manufacturer's instructions [@B004].

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

HaCaT cells pre-treated with butein for 4 h were exposed to 10 ng/ml TNF-α for 15 min. The nuclear extracts were prepared from HaCaT cells and analyzed for NF-κB DNA binding activity by EMSA as described previously [@B024]. Double-stranded oligonucleotide corresponding to an NF-κB consensus sequence (5\'-AGT TGA GGG GAC TTT CCC AGG C-3\'; Promega), was end-labeled with \[*γ*- ^32^ P\]ATP, using T4 polynucleotide kinase. ^32^P-labeled oligonucleotide probe was incubated with nuclear extracts (5 μg) for 20 min on ice, in 20 μl of binding buffer (10 mM Tris-HCl, pH 8.0, 75 mM KCl, 2.5 mM MgCl~2~, 0.1 mM EDTA, 10% glycerol, 0.25 mM DTT), containing 1 μg of poly dI/dC. Free DNA and DNA-protein complexes were then resolved by electrophoresis on a 6 % native polyacrylamide gel in TBE buffer (89 mM Tris-HCl, 89 mM boric acid, and 2 mM EDTA). Then, the gels were dried, and examined by autoradiography.

Statistical analysis
--------------------

The results were expressed as the means ± SD from at least 3 independent experiments. The values were evaluated by oneway analysis of variance (ANOVA), followed by Duncan's multiple range tests, using GraphPad Prism 4.0 software (GraphPad Software, Inc., San Diego, CA, USA). Differences were considered to be significant at P \< 0.05.
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